Although these are reliable procedures for guaranteeing the continuity of a BB-DP breeding programme, they also have some serious negative side effects. For instance, it takes one adult DR-BB rat to provide a sufficient number of regulatory T cells to protect one DP-BB rat. Also exogenous insulin treatment does not prevent incidental periods of hyperglycaemia or hypoglycaemia in diabetic DP-BB rats, as was observed in our laboratory (Visser et al. 2003) .
Although neonatal thymectomy, on the other hand, is a rather safe and simple procedure, it is not commonly used to protect breeding DP-BB rats. We wondered whether breeding with thymectomized DP-BB rats could be a realistic alternative and therefore compared thymectomy with the other protective procedures with respect to breeding behaviour and diabetes incidence in the offspring.
Materials and methods
Experimental protocol DP-BB and DR-BB rats were bred and housed in the Central Animal Facility of the University of Groningen in a controlled environment room with a 12:12 h light-dark cycle. The laboratory conditions were maintained at 21-25°C with 45-70% relative humidity. Animals were kept in specific pathogen free (SPF) conditions and held in groups of three rats in plastic cages (Type 129H, Tecnilab, Helmond, The Netherlands) on sterilized wood chip bedding (Type 3/4, Tecnilab, Helmond, The Netherlands). Throughout the experiment, rats were provided with standard chow (Hope Farms, rodent diet No. Rmh-B2181, Woerden, The Netherlands) and acidified water ad libitum.
The experiments were approved by the local inspectorate and ethical committee and all animals received humane care in compliance with the principles of laboratory animal care (NIH publication No. 85-23, revised 1985) and the Dutch law on experimental animal care. DP-BB rats were protected against diabetes development by T cell transfer (three breeding pairs), thymectomy (four breeding pairs) or treatment with insulin (two breeding pairs). The protected rats were observed for breeding performance and growth characteristics of the offspring. The offspring was monitored for hyperglycaemia using blood glucose test strips (Roche Diagnostics, Almere, The Netherlands) three times a week, and were diagnosed diabetic on the basis of a plasma glucose concentration Ͼ11 mM on two consecutive occasions. Non-fasted rats were anaesthetized by halothane and blood was collected via venepuncture of the tail vein.
Protection by T cell transfer
Spleens obtained from DR-BB rats were homogenized in RPMI 1640 medium (Invitrogen BV, Breda, The Netherlands). One spleen was homogenized and resuspended in 1 ml of RPMI 1640 medium. One single dose of 1 ml of the splenocyte suspension was injected i.p. into 21-day-old DP-BB rats (splenocytes from male DR-BB rats were given to male DP-BB rats, and splenocytes from female DR-BB rats to female DP-BB rats).
Protection by thymectomy
The surgical technique of thymectomy ( Fig 1) in young rats (21 days old) was adapted from Hart 1975.
The young rats (20-28 days) were anaesthetized using the inhalation anaesthetic halothane in combination with N 2 O and O 2 . The halothane concentration was adjusted according to its effect between 1-2%. N 2 O and O 2 (1:1) were delivered at a total flow rate of 600-800 ml/min.
The anaesthetized rat was fixed (on its back, with its head towards the investigator) to the operator board with adhesive tape placed across the left and right fore and hindlimbs. The thorax was arched by placing a small sterile roll of cotton gauze beneath its neck.
Surgery was performed under sterile conditions. A midline incision was made in the skin from the base of the neck posteriorly over the thorax. The length of the incision should be 2 cm. It was not necessary to separate the submandibular salivary glands. A small incision was made just above the manubrium, and blunt-ended scissors were put just under the manubrium and over the sternohyoid muscle posteriorly in the thorax. The thorax was opened by cutting through the sternal manubrium and pectoral muscles in the midline. It is important that the cut be made long enough to give good retraction of both halves of the manubrium, and should be 1-1.5 cm in length so that the manubrium is completely transected down to the first sternabra.
The investigator should find the two halves of the manubrium quite pliable if the transection has been made correctly. However, too long a cut will produce a pneumothorax, and care must therefore be taken to avoid this. The sternohyoid muscle (which overlies the trachea) was then separated into two halves down to the cut end of the manubrium, so that the top of the thymus gland was then clearly visible.
Connective tissue between the top and sides of the anterior end of the gland was cleared with forceps and the two halves of the sternohyoid muscle and of the manubrium were retracted as widely as possible on either side. The thymus was bilobed. Both tips of the lobes were separated from the connective tissue by a pair of curved forceps.
To remove the gland, both lobes were picked up simultaneously with a glass tube (i.d. 5 mm) attached to polythene tubing which was connected to a water suction pump (see Fig 1) . Since the thymus is fairly well attached by connective tissue in the region of the heart, some blunt dissection had to be carried out to free each lobe during the suction process.
The animals frequently show signs of respiratory distress immediately after the removal of the gland, sometimes due to the inadvertent production of a pneumothorax. To prevent this it is important to bring the cut ends of the sternum together very quickly and place a suture (Surgipro 4.0, Autosuture, Tyco Healthcare BV, Zaltbommel, The Netherlands) through these cut ends and through the overlying pectoral muscles to close the thorax. The skin was closed with interrupted sutures (Polysorb 4.0, Autosuture, Tyco Healthcare BV, Zaltbommel, The Netherlands). The animal was placed in an incubator at 25°C for 2 h. Rats recovered quickly from the operation and showed excellent survival rates (loss of animals because of the procedure was less than 2%). No special treatment was required other than a high standard of postoperative care including a single dose of the analgesic Temgesic (0.01 mg/kg rat, subcutaneously) immediately after the operation.
Protection with insulin
In this study, DP-BB rats were protected against diabetes development by using bovine insulin pellets (implanted subcutaneously, release 1.5-2 IU/24 h for 40 days; Linplant, Canada). The rats received the insulin pellet at 60 days of age, and every 40 days a new pellet was implanted.
Pancreas histology
At 160 days of age, the experiment was ended and the remaining animals euthanized. Upon necropsy, the pancreas was removed, cleaned of fat and lymph nodes, fixed in Bouin's solution and processed for histological analysis. Six sections (7 m) were stained with haematoxylin and eosin for evaluation of macrophage/mononuclear cell infiltration (insulitis) and degree of islet damage using a Zeiss microscope as described previously (Visser et al. 2003 ).
Statistical analysis
The product limit method of Kaplan and Meier was used to estimate diabetes incidence. Test groups were compared using the log rank test.
Results and discussion
No significant differences in pregnancy rates, numbers of pups per litter (n ϭ5-6), or growth rates of pups were found between the various groups (Table 1) . As shown in Fig 2, also no differences were found in the mean day of onset and diabetes incidence in the offspring of the three groups. Also, no differences were observed in the degree of insulitis after histological inspection of pancreatic tissue.
We conclude therefore, that protection of DP-BB breeding rats through either T cell transfer, thymectomy or exogenous insulin yields similar results with regard to the breeding performance of the protected rats and diabetes incidence of the offspring. In view of the fact that it takes one adult DR-BB rat to provide a sufficient number of regulatory T cells to protect one DP-BB rat, neonatal thymectomy will reduce the number of experimental animals needed. We have demonstrated in this paper that protection of DP-BB breeding rats by weanling thymectomy is at least equal to the two other established protection procedures. Moreover, it is a simple and safe procedure (Ͻ2% loss of animals due to surgical complications) and it circumvents the negative side effects associated with the other two protective procedures such as insulin treatment and T cell transfer.
For instance, insulin treatment cannot prevent incidental periods of hyperglycaemia or hypoglycaemia in the diabetic DP-BB rats. We observed in our laboratory that DP-BB rats with an insulin pellet have a reduced blood glucose level as compared to untreated rats (3.2 mmol/l compared to 5.7 mmol/l), however as long as the rats have ad libutum access to food, their blood glucose levels did not drop below 2.1 mmol (Visser et al. 2003) . Unfortunately, during a pilot experiment when we were testing the insulin pellets, two rats died of hypoglycaemia. This was due to the fact that the rats had no access to food for 2 days because of technical problems. Under normal circumstances this would not lead to the death of the rats, but the two rats developed severe hypoglycaemia because of the insulin pellet. Therefore, we need to make sure that insulin-treated rats always have access to unlimited food and water. Thymectomized rats show normal blood glucose levels during their lives.
Thymectomy is an invasive procedure and will cause discomfort to the rats during and after the procedure, leading to a conflict of reduction versus refinement. However, the rats recover quickly from the procedure and after a few days we see no signs in their behaviour indicating discomfort. Moreover, injecting 21-day-old DP-BB rats with one millilitre of splenocyte suspension will also lead to discomfort for a few days. As was described above, insulin treatment will not prevent incidental periods of hyper or hypoglycaemia.
Therefore, in view of the above-mentioned advances in neonatal thymectomy, we would like to recommend neonatal thymectomy as the first choice for the protection of DP-BB rats for breeding purposes.
